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8 Tremendous advances in lithography have spearheaded the shrinkage of device dimensions, playing a crucial 
flag 
g 
role in the evolution of microelectronics. Although resist processing and etching are extremely important, ad- 
f# 
vances in submicron structures are likely to be governed more by lithography than anything else. Electron 
;ai 
beam lithography (EBL) is the best developed and most versatile high-resolution pattern-generation tech- 
r& : $1 a 
nique now available. This article discusses some recent applications of EBL in fabricating features in the 
lb& &!’ 
q# 
nanometre scale, with a special emphasis on the fabrication of structures for applications in the exciting field 
of photonics and smart micro-optics. 
s the critical dimensions 
A (CDs) of ICs become ever smaller, increasingly strin- 
gent demands will be placed on 
lithography process control. The 
Semiconductor Industry Association 
Roadmap [l] forecasts that 180 nm 
linewidths (1999) will require +14 
nm CD control, 100 nm linewidths 
(2006) will require +7 nm CD con- 
trol, and 50 nm linewidths (2012) 
will require +4 nm CD control. 
Obviously, meeting such targets will 
present major challenges including 
the ability to print narrower fea- 
tures, and to control the dimensions 
of these features to within precise 
tolerances in arbitrary pattern 
geometries. 
In addition, innovative EBL sys- 
tems for writing large area curved 
patterns typical of integrated optics 
applications, and for many other 
nanolithographic tasks, are needed. 
For example, spherical shapes are 
known to distribute light, heat and 
sound more evenly than square 
ones. They are also able to enclose 
more space using fewer materials. 
Moreover, in the emerging field of 
smart micro-optics, the smoother the 
surfaces or the more gently certain 
parameters are incremented, the 
more efficient the designs will func- 
tion. With novel EBL systems, design- 
ers will not be restricted to fixed 
geometric primitives, but will have 
the freedom and flexibility to create 
arbitrary smooth curves. 
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etch or implant 
and resist strip 
Figure 1. A schematic diagram showing the resist and etch processing steps required for the 
fabrication of VLSI circuits. 
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Figure 2. Overview and detail of a blazed 
elliptical grating obtained by variable dose 
writing. (Courtesy of BSchnabel, Jena 
Universify, Germany) 
Lithography basics 
The term lithography as it is used in 
microfabrication refers to the trans- 
fer of a pattern from a mask (e.g. 
chrome on glass) or from a comput- 
er memory on to a radiation sensi- 
tive film, the resist, on a surface.The 
transfer can take place by means of 
UV light (photolithography), elec- 
trons, X-rays or ionsThe film is then 
developed with the removal of ei- 
ther the exposed portions (positive 
resist) or the unexposed portions 
(negative resist). In subsequent fab- 
rication steps the part of the sub- 
strate left uncovered is in someway 
altered.The resist is then removed, 
and a patterned surface has been 
produced (see Figure 1). 
IC lithography began with opti- 
cal (IJV) beams and today the pho- 
tolithography process of pattern 
definition remains the cornerstone 
of IC fabrication. Optical lithogra- 
phy currently achieves structures 
in standard production down to 
0.5 urn, with pilot production of 
0.35 urn, and an anticipated capa- 
bility of 0.25 lm geometries.As the 
desired size of features continues 
to be reduced, however, the size of 
the features to be exposed is ap- 
proaching that of the wavelength 
of light. Therefore, a new pattern 
definition process is needed. 
Photolithography has for some 
time been complemented by 
electron-beam techniques, as these 
are needed for making masks and 
also have a growing niche in direct 
imaging of wafers. EBL offers high- 
er resolution than optical lithogra- 
phy because of the small 
wavelength of the electrons. The 
resolution of EBL systems is not 
limited by diffraction, but by elec- 
trons scattering in the resist and 
the various aberrations of the elec- 
tron optics. Because of the serial 
nature of the pattern writing, how- 
ever, throughput is much less than 
for optical systems. 
EBL system 
Most commercial EBL systems still 
use energy levels between 20-50 
keV and these high energies do 
create some problems. While the 
electron impact area can be pre- 
cisely controlled, the electrons 
penetrate the resist and get scat- 
tered from the substrate.This phe- 
nomenon, known as the proximity 
effect, makes it difficult or even im- 
possible to generate nanometre 
structures in the immediate vicini- 
ty of large structures. The scatter- 
ing properties of electrons make 
proximity effects more serious in 
EBL than other lithographic tech 
niques that use lower energy or 
heavier particles. Therefore, for 
high voltage exposures some form 
of proximity correction is a re- 
quirement.Various algorithms have 
been developed to achieve uni- 
form resist exposure with EBL, but 
these methods tend to be comput- 
er-intensive and time-consuming. 
Various studies have been di- 
rected at decreasing the voltage for 
traditional EBL because the lower 
energy electrons have a more con- 
fined lateral scattering range that 
reduces the interaction volume in 
the resist. There are various chal- 
lenges for creating a low-energy fo- 
cused electron beam. In addition, 
thin resists are required because of 
the short penetration depth of the 
electrons in the resist. 
Recently a German commer- 
cial company, Leica Microsystems 
Lithography (Heidelberg) special- 
izing in EBL systems has intro- 
duced a novel system, which uses 
slow low-energy electrons (1 to 
20 keV). This virtually eliminates 
the proximity effect because the 
resist layer is not penetrated 
deeply. Moreover, the energy of 
the electrons can be chosen so 
precisely that they will stay in the 
resist ensuring that the exposure 
will penetrate only to a predeter- 
mined depth. Soft exposure with 
slow electrons therefore offers a 
number of new and attractive 
applications. 
Figure 3. Cross-section of a blazed elliptical grating obtained by variable energy exposure. 
(Courtesy of ELSchnabel, Jena University, Germany) 
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Figure 4. Elliptical focussing grating by curved path control. Note the minimum edge 
roughness in extensive curved patterns. (Courtesy of Friedrich Schiller, University IAF: 
Jena, Germany) 
Figure 5. Off axis zone lens exposed in curved path control. (Courtesy of Leka, Germany) 
WBrunger et al. (Fraunhofer 
Institute for Silicon Technology, 
Germany) [2] have developed an 
EBL system, which works with 
electron energies from 20 keV 
down to 1 keV for structures as 
small as 10 nm. They have also 
been able to create 3-D profiles in 
the resist. The generation of pro- 
tracted curved structures with 
minimum edge roughness is possi- 
ble with the use of a quasi-continu- 
ous path control, which is included 
in the system. In the continuous 
path control mode, the beam cur- 
rent remains stable, while the stage 
travels with varying speed. Figure 
2 shows a blazed focusing grid ob- 
tained by variable-dose writing. It 
has a profile depth of 160 nm and 
the pitch along the grid’s axis is 
800 nm. In this case the penetra- 
tion depth of the 15 keV electrons 
was much greater than the depth 
of the profile finally created. 
With the commercial LION 
(Lithography system for Integrated 
Optics and Nanostructures) system, 
which works with selectable ener- 
gies and which is available from 
Leica Microsystems Lithography, the 
same task can reasonably be han- 
dled using another method. By vary- 
ing the energy exposure, the 
authors exposed a focusing elliptical 
grid (PMM on silicon of 1 una thick- 
ness). First a grid of 0.8 pm (mea- 
sured along the axis) was written 
with 1.8 keVA second run was per- 
formed at an energy of 3 keV with 
the grid structure shifted by 200 
mn. Finally, a third one followed 
with 5 keV and another shift by 
200 mn. Figure 3 shows a cross- 
sectional view. A structure created 
by this technique is much less sensi- 
tive to developing than in the 
previous case. 
The exposure of smooth 
curved structures by stage motion 
with quasi-continuous path control 
and nanometric structures using 
the LION system are illustrated in 
Figures 4-6. 
The nanoworld 
Nanodevices, such as single elec- 
tron transistors or quantum wire 
(QW) lasers, require precise litho- 
graphy with dimensions in the 10 
nm regime. High resolution EBL is 
most commonly used to fabricate 
devices with dimensions below 
100 nm range.The combination of 
a wide range of resist materials and 
the ability to focus an electron 
beam down to 1 nm or even lower 
has made EBL the method of 
choice for fabricating ultra- 
small StructuresThere have been a 
number of notable achievements 
in this area recently, 
Due to the interest in the di- 
mensional&y dependence of a 
wide variety of physical phenome- 
na, as well as their potential for de- 
vice applications, low dimensional 
semiconductor structures have 
been investigated intensively dur- 
ing the last few years.The effect of 
lateral quantization in these small 
structures, whose sizes are compa- 
rable to the wavelength of the car- 
riers, result in an increase of the 
band gap, an increase of the exci- 
ton binding energy, changes of the 
density of states, etc. 
K.H.Wang et al. (University of 
Wurzburg, Germany) have fabricat- 
ed InGaAs/GaAs quantum dots [3] 
with diameters down to 50 nm 
on a shallow InGaAs/GaAs 
heterostructure using low voltage 
EBL and wet chemical etching 
(Figure 7). The luminescence spec- 
tra of the dot arrays shows clear 
lateral quantisation effects and nar- 
row luminescence linewidths. 
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The small linewidth (1.5 meV> of 
the emission has enabled new en- 
ergy states of the dot arrays to be 
observed. In addition, the 
linewidth was found to be inde- 
pendent of the dot size which 
means that the inhomogeneous 
broadening due to the patterning 
induced lateral size fluctuation is 
negligible in their structures. 
Dense and uniform arrays of fea- 
tures below 100 nm size are becom- 
ing increasingly important in high 
density magnetic storage data, 
dense subwavelength optical grat- 
ings, MSM photodetectors, electron- 
ic surface superlattice devices, and 
templates for epitaxial regrowth on 
patterned substrates. O.Dial et al. 
(California Institute of Technology, 
Pasadena, USA) have demonstrated 
a fabrication method [4] to define 
high density and uniform nanos- 
tructures by EBL at beam voltages 
~40 kVArrays of 12 nm dots with 
25 nm period and 20 nm lines with 
40 nm period have been fabricated. 
To generate such nanostructure ar- 
rays the Cal Tech team optimized 
the exposure and development 
conditions by using polymethyl- 
methacrylate (EMMA) as the posi- 
tive resist and isopropyl alcohol 
(IPA) as a developer.The authors be- 
lieve that the combination of very 
small electron beam diameter and 
very high contrast developer 
allowed them to extend the resolu- 
tion of PMMA resist to about 10 nm 
feature sizes with high density and 
uniformity They were also able to 
increase the electron beam-resist in- 
teraction and improve the speed of 
the electron beam writing process 
by using low electron energies and 
a high brightness source. 
For future device applications, 
single electron tunneling transistors 
(SETTs) are expected to be superior 
to nanometre-size MOSFETs in 
terms of low power consumption 
and down-scaling. It is also believed 
that SETIS could be used for the re- 
alization of low power electronic 
logic circuits and memories based 
on single electron switching. The 
operation of single electron devices 
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Figure 6. Regular arrays of pillars with nanometric dimensions. (Courtesy of IPHT & Friedrich 
Schillel; University IAF: Jena, Germany) 
Figure 7. SEM picture of 30 nm InGaAslGaAs quantum dot arrays obtained by low voltage 
E5L and wet chemical etching. (Courtesy of K. H. Wang.) 
is restricted to temperatures at 
which Coulomb blockade occurs. 
TKoester and his co-workers 
(RWTH, Aachen, Germany) have 
presented a fabrication scheme [5] 
that allows better control of the 
critical dimensions of the tunnel 
junctions compared to methods 
proposed up to now.They have fab- 
ricated an extremely narrow QW 
based on an SO1 substrate with an 
ultrathin Si top layerThe nanometre 
structure of the SETT was defined 
by EBL in combination with a two- 
layer resist system. They observed 
large scale variations of the gate 
voltage which caused switching 
behaviour similar to FETs. Single 
electron effects such as Coulomb 
blockade, Coulomb staircase and 
Coulomb oscillations were ob- 
served at temperatures up to 130 K. 
Transistors based on resonant 
tunnelling have been proposed for 
applications beyond the limits of 
conventional Si CMOS technology 
due to their multi functionality and 
the intrinsic high speed of the 
tunnelling process. The fastest 
solid state device to date, with a 
frequency oscillation of 712 GHz 
(Massachusetts Institute of 
Technology, Cambridge, USA), re- 
lies on this process [6]. The 
device is called the Double Barrier 
Resonant Tunnelling Diode 
(DBRTD). The challenge with the 
DBRTD is to add an isolated third 
terminal, i.e. the gate, which can be 
used to modulate the tunnelling 
process and consequently create 
the transistor action. Unfortunately 
this proved to be extremely diffi- 
cult. Recently, J.R.Wendt et ad. 
(Sandia National Laboratories, USA) 
described the first demonstration 
[7] of a small area device which 
they termed a double electron lay- 
er tunnelling transistor (DELTT). 
Fabricated by dual-side EBL, the 
DELTT is a new device that oper- 
ates by modulating the 2D-to-2D 
Electron Beam Lithography 
tunnelling between two coupled 
QWs and does not require lateral 
gating for operationThis idea was 
applied to fabricate SELTTs on cou- 
pled AlGaAs/GaAs double QWs. 
Electrical characterization of the 
smallest device showed strong 
negative differential resistance 
with peak-to-valley ratio up to 
8: 1 .The resonant peak and its posi- 
tion were controlled by the gate 
voltage over a wide range, which 
demonstrates the transistor action. 
The future 
The relentless pursuit of shrink- 
ing device dimensions in order to 
increase chip function density 
continues, but it is now being ac- 
companied by a thrust towards 
smoothly shaped microstructures. 
The economic case for doing so is 
overwhelming. Photolithography 
will continue to occupy the pri- 
mary position for the foreseeable 
future and is expected to achieve 
feature sizes down to 0.25 urn. It 
is to be expected that modern 
photolithography will be the 
system of choice for many years 
because of its relative simplicity, 
convenience, and reasonably high 
throughput. 
Lithographic techniques such 
as those using electrons, X-ray, or 
ion radiation have improved sig- 
nificantly over the years. In these 
competing methods large teams 
worldwide have been working 
steadily for 20 years or more. 
Custom circuits and experimental 
devices for which high through- 
put is not needed will continue to 
be patterned by e-beam systems. 
In these applications fine defini- 
tion, flexibility, and quick turn- 
around are of primary 
importance. EBL and other new 
lithography techniques can be 
used to produce new types of de- 
vices and to study new physical 
phenomena that depend critically 
on the small size. 
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